The effects of excess electronic charges transferred from alkali metals to Se atoms on the chain structure in liquid Rb x Se 1−x for x ഛ 0.5 are investigated by means of ab initio molecular-dynamics simulations. It is found that the interaction between Se chains is enhanced by the transferred electrons, and that the average length of Se chains becomes shorter with increasing alkali-metal concentration. The shortening of Se chains is responsible for an increase of electronic states at the Fermi level, which explains the observed increase of the electrical conductivity on the addition of alkali metals. At the equiatomic concentration, there are almost no electronic states at the Fermi level due to the formation of Se 2 2− dimers. The alkali-metal-concentration dependence of the bonding properties between Se atoms is discussed in comparison with liquid alkali-metal tellurides based on a population analysis.
I. INTRODUCTION
Liquid Se has a chain structure of covalently bonded atoms in twofold coordination. 1 Each chain molecule includes 10 5 atoms on the average near the triple point. 2, 3 In a wide range of pressure and temperature, liquid Se exhibits semiconducting behavior similar to that of the crystalline phase. It is known, however, that the electronic properties become metallic, accompanied by a shortening of Se chains under high pressures and high temperatures near the critical point. 4, 5 In the metallization process, bond breaking induced by interchain interaction plays an important role, together with the electronic states that have large amplitudes of wave functions near the ends of chains. 6 In contrast to liquid Se, liquid Te exhibits semimetallic properties on melting, while the crystalline phase is a typical semiconductor. Although the chain structure is loosely preserved in the liquid phase, there exist many threefoldcoordinated Te atoms. [7] [8] [9] It has been considered that the metallic properties of liquid Te arise from these coordination defects.
The effects of the addition of alkali metals on the electronic and structural properties of liquid Te have been extensively studied by both experimental [10] [11] [12] [13] [14] [15] and theoretical [16] [17] [18] methods so far. With increasing alkali-metal concentration, the electrical conductivity decreases monotonically, [10] [11] [12] i.e., the electrical conductivity of pure liquid Te is about 2000 ⍀ −1 cm −1 , and it is only about 1 ⍀ −1 cm −1 at an alkalimetal concentration of 50%. It has been suggested that the disappearance of the metallic properties in liquid alkali-metal tellurides is closely related to the stabilization of the chain structure due to excess electronic charges transferred from alkali metals to Te atoms. 16, 17 It is experimentally known that the electrical conductivity increases on the addition of alkali metals in liquid Se, 19, 20 as opposed to the behavior of liquid Te. If the chain structure of liquid Se was stabilized by the transferred electrons, the electrical conductivity would decrease in the same way as in the liquid alkali-metal-Te mixtures. It is interesting to consider such contradicting alkali-metal-concentration dependence of the electronic properties in relation to the chain structure of the liquid alkali-metal-chalcogen mixtures. Recently, the structure of liquid Rb-Se mixtures has been investigated by extended x-ray absorption fine structure and neutron diffraction experiments. 21, 22 It was found that the structure factor S͑k͒ has a small prepeak at about k = 1.3 Å −1 . The spatial correlation between Se chains and Rb atoms was discussed based on the experimental results together with reverse Monte Carlo simulations. It was concluded that the prepeak is associated with an interchain correlation. However, the microscopic origin of the increase of the electrical conductivity due to the addition of alkali metals is still unknown.
In this study, we investigate the structure and electronic states of liquid Rb-Se mixtures by ab initio moleculardynamics simulations. The purposes of our simulations are to clarify the effects of excess electronic charges transferred from alkali metals to Se atoms on the chain structure, and to discuss the bonding properties between Se atoms in liquid alkali-metal selenides in comparison with those between Te atoms in liquid alkali-metal tellurides. 16, 17 
II. METHOD OF CALCULATION
The electronic structure calculations were performed within the framework of the density functional theory, in which the generalized gradient approximation 23 was used for the exchange-correlation energy. The electronic wave functions and the electron density were expanded in plane-wave basis sets with cutoff energies of 11 and 65 Ry, respectively. The energy functional was minimized using an iterative scheme based on the preconditioned conjugate-gradient method. 24, 25 Ultrasoft pseudopotentials 26 were utilized for the interactions between valence electrons and ions. The molecular-dynamics simulations were carried out at three Rb concentrations: Rb x Se 1−x with x = 0.0, 0.2, and 0.5. For each Rb concentration, we used an 80-atom system in a cubic supercell with periodic boundary conditions. The temperatures and number densities are ͑560 K, 0.0294 Å −3 ͒, ͑560 K, 0.0262 Å −3 ͒, and ͑800 K, 0.0223 Å −3 ͒ for x = 0.0, 0.2, and 0.5, respectively. The densities were determined from the zero-pressure condition. Using the Nosé-Hoover thermostat technique, 27 the equations of motion were solved via explicit reversible integrators 28 with a time step of ⌬t = 3.6 fs. The quantities of interest were obtained by averaging over about 30 ps after an initial equilibration taking about 10 ps. Figure 1 shows the structure factors S͑k͒ of liquid Rb x Se 1−x . For x = 0.2 and 0.5, S͑k͒ were obtained from the partial structure factors S ␣␤ ͑k͒, shown in Fig. 2 , with the neutron scattering lengths. In Fig. 1 , the calculated results ͑solid lines͒ are compared with the experimental results 22, 29, 30 ͑open and solid circles͒. We are unaware of experiments for the 50% Rb concentration. It is confirmed from this figure that the calculated results are in reasonably good agreement with experiments for x ഛ 0.2. In particular, the prepeak at about 1.3 Å −1 is reproduced very well by our calculations for x = 0.2, which means that the system size is large enough to simulate intermediate structures indicated by the prepeak. It is seen that the prepeak grows to a clear peak at the equiatomic concentration. Such a first sharp diffraction peak has also been observed in liquid K 0.5 Te 0.5 by neutron diffraction measurements. 13 The Ashcroft-Langreth partial structure factors S ␣␤ ͑k͒ are shown in Fig. 2 . Both S SeSe ͑k͒ and S RbRb ͑k͒ have peaks at the wave vector 1.3 Å −1 at which the prepeak appears in S͑k͒. These peaks become higher and lower in S SeSe ͑k͒ and S RbRb ͑k͒, respectively, when x is increased from 0.2 to 0.5. In S RbSe ͑k͒, there exists a dip at the same wave vector. It is Figure 3 shows the partial pair distribution functions g ␣␤ ͑r͒ of liquid Rb x Se 1−x . In pure liquid Se, the first peak of g SeSe ͑r͒ at about 2.3 Å corresponds to the correlation between the nearest neighbors within a chain, while the second peak at about 3.8 Å is mainly contributed by the next-nearest neighbors within a chain. Atomic correlations between distinct chains have also some contribution to g SeSe ͑r͒ beyond 3 Å.The clear minimum at about 2.8 Å indicates that Se chains do not frequently interact with each other. In g SeSe ͑r͒ of liquid Rb 0.2 Se 0.8 , the minimum becomes shallower, and the second peak shifts slightly toward larger r compared with that in pure liquid Se, while the position of the first peak remains the same. These changes suggest an increase of interchain interaction by the addition of Rb atoms. g RbSe ͑r͒ has a clear first peak at about 3.5 Å followed by a broad profile with a very shallow minimum at about 6 Å. In g RbRb ͑r͒, there are no clear peaks because of the low Rb concentration. When the concentration is increased to x = 0.5, the profile of g SeSe ͑r͒ becomes very different from those at x = 0.0 and 0.2, i.e., there exists a wide deep valley between the sharp first peak and the wide-ranging second peak at about 6 Å. The first peak in g RbSe ͑r͒ becomes sharper, while its position is unchanged. There appears a broad first peak at about 4.5 Å in g RbRb ͑r͒. Figure 4 shows the electronic densities of states D͑E͒ of liquid Rb x Se 1−x . The origin of energy is taken to be the Fermi level. At x = 0.0, D͑E͒ has a deep dip at the Fermi level corresponding to the semiconducting properties of liquid Se. With increasing alkali-metal concentration to x = 0.2, the dip at the Fermi level becomes shallower, which means that the liquid has semimetallic properties, consistent with the observed concentration dependence of the electrical conductivity. 19, 20 When the alkali-metal concentration is increased further ͑x = 0.5͒, the dip at the Fermi level becomes deeper again. In this way, the electronic properties of the liquid alkali-metal-Se mixtures change with alkali-metal concentration: semiconducting, semimetallic, and semiconducting at x = 0.0, 0.2, and 0.5, respectively.
III. RESULTS

A. Structure factors
B. Pair distribution functions
C. Electronic densities of states
D. Spatial configurations of atoms
The spatial configurations of atoms in liquid Rb x Se 1−x are shown in Fig. 5 . The white and gray balls show the positions of Se and Rb atoms, respectively. It is clearly displayed that pure liquid Se consists of chain molecules. We see that the chain structure is retained at the Rb concentration of 0.2. From the time evolution of the atomic configuration, it is recognized that bond-breaking and bond-switching reactions happen more frequently on the addition of Rb atoms, which is consistent with the observations in g SeSe ͑r͒. At 50% Rb concentration, it is found that most Se atoms form Se 2 dimers.
E. Coordination-number distributions
To investigate the atomic coordination around Se atoms in more detail, we obtained the ratio P͑n͒ of the number of Se atoms coordinated with n Se atoms to the total number of Se atoms by counting the number of atoms inside the sphere of a radius R centered at each atom. We used the first minimum position, 2.8 Å, of g SeSe ͑r͒ as the radius R. The Rbconcentration dependence of P͑n͒ is shown in Fig. 6 . It is seen that almost all Se atoms have twofold coordination in pure liquid Se. With increasing Rb concentration, twofoldcoordinated Se atoms decrease, and onefold-coordinated Se atoms increase. This concentration dependence clearly shows that Se chains are shortened by the addition of alkali metals. At the Rb concentration of 50%, P͑n͒ has a large peak at n = 1, which is consistent with the formation of Se 2 dimers.
F. Bond-overlap populations
To clarify the change in the bonding properties between Se atoms due to the addition of alkali metals, we used population analysis 31, 32 by expanding the electronic wave functions in an atomic-orbital basis set. 33, 34 Based on the formulation for the ultrasoft pseudopotentials, 35 we calculated the overlap population O ij between the ith and jth atoms and the gross charge Q i for the ith atom. 31 It should be noted that, since the atomic-orbital basis used in the expansion of the wave functions is not unique, a different set of atomic-orbital bases would give different values for O ij and Q i . 34 However, their relative magnitudes can be discussed meaningfully, because the trends are the same for any choice of atomic-orbital basis sets. For the basis used in our calculations, the charge spillage 33 defining the error in the expansion is less than 0.3%. To examine p SeSe ͑Ō ͒ in connection with the chain structure of Se atoms, we identified Se chains in the liquid mixtures by connecting up Se atoms with atomic distances less than 2.8 Å, the minimum position of g SeSe ͑r͒. Since each Se atom is assigned to one of the chains, we can specify the spatial relation between two Se atoms selected arbitrarily with respect to the chain structure. The solid circles in Fig. 7 show the time-averaged distributions of the overlap populations for pairs of Se atoms that are nearest neighbors to each other within a chain. Each Se atom is connected to its nearest neighbors by a -type bond, and the distributions have peaks at the larger Ō ϳ 0.7. Pairs of Se atoms that are next-nearest neighbors to each other within a chain give the time- averaged distributions displayed by the open circles in Fig. 7 . Because of the antibonding interaction between the lone-pair states, the distributions have peaks at the negative Ō ϳ −0.2. The distributions shown by the diamonds in Fig. 7 are given by pairs of Se atoms belonging to different chains. Since the interchain interaction is weak, the peaks exist at the smaller Ō ϳ 0.1.
It is seen in pure liquid Se that the distributions shown by the solid circles and the diamonds are well separated by a clear minimum at about Ō = 0.2, and that the next-nearestneighbor Se atoms give a large peak at about Ō = −0.2 ͑open circles͒. These features reflect the existence of Se molecules that have a clear chain structure. At the Rb concentration of 0.2, the distribution by the interchain interaction ͑diamonds͒ spreads over larger overlap populations, and the minimum at about Ō = 0.2 becomes shallower, which indicates that Se chains interact more frequently with each other due to the excess electronic charges transferred from Rb atoms. Also the height of the peak at Ō = −0.2 becomes lower. These facts are consistent with the shortening of chains. At the equiatomic concentration, p SeSe ͑Ō ͒ has a qualitatively different distribution from those at the lower Rb concentrations, reflecting the formation of dimers. The distribution shown by the solid circles shifts to larger overlap populations, and has a peak at about Ō = 1.0, which shows a stronger chemical bonding in dimers. The distribution by the interchain interaction ͑diamonds͒ has a profile spreading over a wide range of Ō with a very low peak, which indicates that the dimerdimer interaction occurs infrequently. Figure 8 shows the time-averaged distributions f ␣ ͑Q͒ of Q i␣ for ␣-type atoms. Note that f ␣ ͑Q͒ is normalized as ͐f ␣ ͑Q͒dQ = 1. In pure liquid Se, f Se ͑Q͒ naturally has a symmetric distribution around Q = 0.0. In liquid Rb x Se 1−x for x = 0.2 and 0.5, f Rb ͑Q͒ has peaks near Q = 1.0, which reflects the fact that almost all 5s electrons of Rb atoms are transferred to Se atoms. At x = 0.2, f Se ͑Q͒ has an asymmetric distribution with the peak at about Q = −0.2. The asymmetry comes from the coordination dependence of the gross charges, i.e., onefold-coordinated Se atoms have more electrons than twofold-coordinated Se atoms. At x = 0.5, f Se ͑Q͒ has two peaks; the high peak at about Q = −0.8 is given by Se atoms in stable dimers, while the small peak at about Q = −0.6 arises from rearrangements of dimers. When two dimers interact with each other, a short chain is formed transiently, and Se atoms have fewer electrons
G. Mulliken charges
IV. DISCUSSION
Here, we discuss the effects of alkali metals on the electronic and structural properties of the liquid alkali-metals-Se mixtures in comparison with the liquid alkali-metals-Te mixtures. As seen in the spatial configurations of atoms ͑Fig. 5͒ and the coordination-number distributions ͑Fig. 6͒, Se chains are shortened by the addition of Rb atoms in liquid Rb x Se 1−x .
The electronic densities of states ͑Fig. 4͒ show that the electronic properties of liquid Rb 0.2 Se 0.8 are semimetallic, while pure liquid Se has semiconducting properties. The distributions of the overlap populations ͑Fig. 7͒ and the gross charges ͑Fig. 8͒ clearly show that 5s electrons of Rb atoms are transferred almost completely to Se atoms, and that the transferred electrons enhance the interchain interaction at x = 0.2.
On the other hand, in pure liquid Te, there exist many threefold-coordinated Te atoms. [7] [8] [9] The Te-Te coordination distribution 16 shows that twofold-and threefold-coordinated Te atoms exist in almost the same percentage. By adding alkali metals, threefold-coordinated Te atoms decrease, and twofold-coordinated Te atoms increase, which means that the chain structure is stabilized, in contrast to the liquid alkalimetals-Se mixtures. The calculated electronic densities of states 16, 17 have revealed that liquid Te has semimetallic properties, and that the electronic properties become semiconducting with increasing alkali-metal concentration reflecting the stabilization of Te chains.
The distribution of overlap populations p TeTe ͑Ō ͒ for pure liquid Te has a broad profile, and has no clear peak ͑except for Ō = 0.0͒, 35 which is consistent with the existence of many threefold-coordination defects. This indicates that bond breaking and bond exchange occur much more frequently compared with those in pure liquid Se, and that the -type bonding between Te atoms is weaker than that between Se atoms. By the addition of alkali metals, the transferred electrons function to make the Te-Te bonding stronger, and stabilize the chain structure.
From these observations, we see that the role of the transferred electrons in liquid alkali-metal chalcogenides depends on the spatial localization of electrons in pure liquid chalcogens. Liquid Se has a well-localized electron distribution in the chain structure, i.e., four p electrons of each Se atom occupy the -type bonding and lone-pair nonbonding states around the Se atom. Since the * -type antibonding states are well separated energetically from these occupied states, the bond breaking and bond exchange scarcely take place in liquid Se. When alkali metals are added, the transferred electrons probably occupy the * -type antibonding states, because the bonding and nonbonding states are already occupied. Due to the antibonding character of the electronic states occupied by the transferred electrons, Se-Se bonds become weaker, and the interaction between Se chains is enhanced. In contrast, the valence electrons are distributed over the chains in pure liquid Te as it has metallic properties. Considering the fact that bond breaking and bond exchange occur frequently, the electronic states in liquid Te have antibonding character as well as bonding and nonbonding characters. In other words, the bonding and nonbonding states around Te chains are partially occupied. If extra electrons are given by the addition of alkali metals, those bonding and nonbonding electronic states are preferentially occupied by the electrons so as to make the chain structure stable. It is noted that, at the equiatomic concentration, almost all chalcogen atoms form divalent anion dimers in both the liquid alkali-metal-Te and alkali-metal-Se mixtures.
V. SUMMARY
We have investigated the structure and electronic states of liquid Rb x Se 1−x by means of ab initio molecular-dynamics simulations. It has been shown that the calculated structure factors are in reasonable agreement with experiments. We have confirmed from the calculated electronic densities of states that the electronic properties of the liquid alkalimetal-Se mixtures change from semiconducting to semimetallic with increasing alkali-metal concentration from x = 0.0 to 0.2. The shortening of Se chains occurs due to the transferred electrons, and is responsible for the metallic properties. Based on the population analysis, we have discussed the effects of the transferred electrons on the chain structure in connection with the bonding properties in liquid Se and liquid Te.
